Ginkgolides (GKs) and Bilobalide (BB) are rare terpene trilactones obtained from Ginkgo biloba, but their biosynthetic pathway is still unclear. In this paper, effects of levopimaradiene (LP) on increasing the production of terpene trilactones of G. biloba dedifferentiated cells (DDCs) and cambial meristematic cells (CMCs) were reported. The productions of ginkgolide A (GA) and ginkgolide B (GB) were 1.61 and 1.32 folds larger than that of the control groups when G. biloba DDCs was treated with LP, and the productions of ginkgolide C (GC) and BB reached 234 and 161 µg L -1 after treated with LP for 60 h. The production of GA, GB, GC and BB was 2.03, 1.43, 1.22 and 1.19 folds larger than that of the control groups in LP-treated CMCs groups. The results demonstrated that BB could be produced from the methylerythritol 4-phosphate (MEP) pathway. qRT-PCR experiments showed that LP was a significant precursor manipulated the biosynthesis of terpene trilactones via affecting the transcript levels of several related genes in the MEP pathway.
Ginkgo biloba L., the only surviving species of Ginkgoales, is the "living fossil" plant that survived for more than 200 million years [1] . Intensive researches show that G. biloba extracts have beneficial effects on cardiovascular and neurological systems [2] . Nowadays, the leaf extract of ginkgo has also been reported to have beneficial effects in the treatment of Alzheimer's disease and chronic schizophrenia, as well as possessing antitumor activity [3] [4] [5] . The terpene trilactones contain Ginkgolides (GKs) and Bilobalide (BB) which are considered as the main bioactive constituents in the pharmacological properties of G. biloba extracts [6] .
Terpenoids are biosynthesized through the condensation of fivecarbon intermediates, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) derived from two independent biosynthetic pathways: the classical cytosolic mevalonic acid (MVA) pathway and the plastidial MEP pathway [2] . Sesquiterpenes and triterpenes are formed in the MVA pathway, whereas the MEP pathway provides the monoterpenes, diterpenes and tetraterpenes [7] . Some papers reported that GKs is acquired via the MEP pathway [8, 9] . Besides, BB is deemed to be biosynthesized through the MVA and MEP pathway possibly [10] . LP, the cyclization product of geranylgeranyl diphosphate (GGPP) under the action of levopimaradiene synthase (LPS) in the downstream pathway that the key step before biosynthesis of GKs is a vital precursor of the MEP pathway [11, 12] . However, the biosynthetic pathway of GKs from LP is still unclear.
In our previous investigations, the G. biloba DDCs and CMCs system had been established, and LP was provided by our research group. To gain a better understanding of regulation of terpene trilactones biosynthesis, effects of LP on production of terpene trilactones and expression of key biosynthetic genes in G. biloba cells were reported at the present paper.
As shown in Figure 1 , low concentration of LP increased the growth rate of DDCs slightly, while 120 mg L -1 LP caused cell damage and death compared with the control groups. The concentration of GA and GB increased gradually in the early treatment stage compared with that of the untreated groups. After co-cultured with 100 mg L -1 LP for 48 h, the concentration of GA and GB in DDCs reached a maximum, 1.61 and 1.32 folds lager than that of the control groups, respectively. As incubation time extended, the yields decreased. For GC and BB in DDCs, the production kept growing during the experimental time reached 234 and 161 µg L -1 after treated with 100 mg L -1 LP for 60 h, respectively. Results indicated that the addition of LP could significantly increase the production of GKs, which proposed that LP might be the precursor of GKs. Based on above results; we speculated that BB might be biosynthesized from the MEP pathway, and GKs might be transformed partly into BB.
Interestingly, like DDCs, low concentrations of LP increased the growth rate of CMCs slightly, while 100 and 120 mg L -1 LP caused cell damage and death obviously compared with the control groups. Furthermore, the dry cell weight of CMCs was 2-fold approximately as heavy as that of DDCs in the same LP-treatment stage ( Figure 2 ). The concentrations of GA and GB in 80 mg L -1 LP-treated CMCs groups reached a maximum at 36 h, 2.03 and 1.43 folds lager than that of the control groups, respectively, and then their contents declined. For GC and BB in CMCs, the accumulations of GC and BB were remarkably up-regulated after co-cultured with 80 mg L -1 LP, 1.22 and 1.19 folds lager than that of the control groups at 48 h and 60 h respectively. Results indicated that the addition of LP could significantly increase the productions of GKs and BB, especially in CMCs cells culture. Compared with DDCs, CMCs exhibited some good traits, such as higher yields of secondary metabolites and better growth rate.
Synchronous change of MEP-biosynthetic genes transcription and contents of GKs/BB was observed in G. biloba cells during the incubation with LP. After treatment with LP in G. biloba cells, mRNA levels of LPS and GGPP decreased significantly at 24 h and then increased obviously. After that their transcription fell back to the level comparable with those of the control (Figure 3 and Figure  4 ). Conversely, the transcription of HDS in DDCs and that of DXS/MECT in CMCs was up-regulated moderately at 24 h, and then decreased mildly to the same level as that of the control group. 
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In general, the transcription levels of DXS, MECT, HDS, HDR, GGPP and LPS were up-regulated obviously at 48 h in DDCs, while at 36 h in CMCs, and then decreased slightly with the extension of time. After treatment with 100 mg L -1 LP in DDCs, the relative transcript levels of DXS, MECT, HDS, HDR, GGPP and LPS were 1.09, 1.35, 1.40, 1.51, 1.35 and 1.39 folds to that of the control group, respectively. Similarly, relative transcript levels of DXS, MECT, HDS, HDR, GGPP and LPS were 1.12, 1.34, 1.47, 1.87, 1.93 and 1.66 folds to that of the control group, respectively in 80 mg L -1 LP-treated CMCs. The results of genes expression were consistent with the change of concentrations of GKs and BB in G. biloba cells. Therefore, it was concluded that LP promoted the accumulations of GKs and BB via up-regulating the transcription of the MEP-biosynthetic genes. However, lack of knowledge of the mechanism on the biosynthetic pathway of terpene trilactones from LP, the results indicated that LP might not only serve as the vital precursor of the MEP pathway but also a novel inducer to manipulate biosynthesis of GKs and BB in G. biloba cells via an unknown mechanism. The present study provided a first attempt towards a better understanding of the effect and regulation of LP on the biosynthesis of terpene trilactones in G. biloba cells. The in vivo LP-feeding experiments showed that GKs could be biosynthesized from LP which was the vital precursor of MEP pathway via an unknown mechanism. Meanwhile, according to the results, it could be speculated that the biosynthesis of BB was correlated with the MEP pathway, and BB might be a product of GKs metabolism. Additionally, since LP could significantly affect the transcription of the MEP-biosynthetic genes, the above results demonstrated that LP might be a transcriptional regulator and played a crucial role in manipulating biosynthesis of terpene trilactones. This proposal requires further research by incorporation of labeled-LP and analyses of transgenic lines and mutants.
Experimental

Plant materials and methods:
The G. biloba CMCs and DDCs used in this research were induced by our research group. Prior to the experiments, the G. biloba cells were cultured in the dark at 25 °C, and the cultured conditions of suspension-cultured cell cultures were as follows: fresh 20-day-old cells (5.0 g) were transferred into 250 mL Erlenmeyer flasks and suspended in 100 mL of MS medium supplemented with 30 g L -1 sucrose, 50 mg L -1 ascorbic acid without agar and pH 5.78 [13] . The hormone of DDCs was 2.0 mg L -1 α-naphthalene acetic acid (NAA) and 2.0 mg L -1 indolebutyric acid (IBA), while that of CMCs was 2.0 mg L -1 NAA and 2.0 mg L -1 2,4-dichlorophenoxyacetic acid (2,4-D) . And then the cells were incubated in a rotary shaker (110 rpm) at 25 °C in darkness.
LP treatment, dry weight measurement of the G. biloba cells:
At the present study, LP was provided by our research group. After being filter-sterilized, LP dissolved in DMSO was added individually to 13-day-old suspension cultures to make final concentrations of 20, 40, 60, 80, 100 and 120 mg L -1 , respectively. Meanwhile, experiments for the control groups which were added the corresponding volume of DMSO and the normal groups were made. The cultured cells were harvested and separated from liquid media by vacuum filtration after 12, 24, 36, 48 and 60 h incubation with LP, and dried in freeze-drying machine. The dry weight of cells was recorded and each sample was made in triplicate.
Terpene trilactones extraction and determination:
The cultured cells were harvested from liquid media by vacuum filtration and dried in freeze-drying machine. The spent medium was mixed into ethyl acetate (v/v) and extracted 3 times, combined and concentrated the ethyl acetate extracts to dryness subsequently. In addition, dry cultured cells were extracted sonically with 3 times volumes of methanol, then the ultrasonic extraction was concentrated to dryness under vacuum and then dissolved in a mixture of ethyl acetate and water (1:1, v/v), and partitioning with ethyl acetate (v/v) 3 times, combined and concentrated the ethyl acetate extracts to dryness ultimately. At last, the residues of cells and medium were amalgamated and dissolved in 1.0 mL methanol and then analyzed by HPLC-ELSD [14, 15] . The present study utilized the 1260 HPLC instrument (Agilent Technologies, US) equipped with an evaporative light-scattering detector (ELSD, Alltech Technologies, US) to measure the quantification of GKs and BB. Chromatographic separations were performed on an Agilent Hypersil C18 column (5 μm, 250 × 4.0 mm) (Agilent Technologies, US) at 25°C with gradient elution consisting of methanol and water.
Monitoring transcript levels of the MEP-biosynthetic genes by qRT-PCR:
After 24, 36, 48 and 60 h incubation with LP 100 mg L -1 in DDCs and 80 mg L -1 in CMCs, the extraction of total RNA from G. biloba cells was performed using the RNAprep Pure Plant Kit. The transcript levels of DXS, MECT, HDS, HDR, GGPP and LPS (GAPDH used as housekeeping gene) were monitored by qRT-PCR according to the FastQuant RT Kit (with gDNase) and the SuperReal PreMix Plus (SYBR Green). Each sample was made in triplicate.
